ARKIV FOR FYSIK Band 17 nr 2 
a 


Communicated 2 December 1959 by Erik RupBERG and Kat SrmqBaHN 
Se ee ee ae oe 


Atomic level energies in rare earth elements 


By P&r BERGVALL and Stic HacstrOm 


With 9 figures in the text 


ABSTRACT 


The Ly, Lyz and Ly; level energies have been measured in the oxides of stable rare earth ele- 
ments (657<Z<60, 62<Z<71), employing the photo electron method. The Ly—Lyy energy 
differences are found to agree within 0.5 eV with the Ka, — % X-ray emission energy differences. 
A comparison with theoretical predictions is also made, and the possibility of a quantitative esti- 
mate of nuclear size effects on the fine structure is discussed. The L levels and the K level (obtained 
by addition of the Kg lines) are compared with data from X-ray absorption spectroscopy, showing 
systematic discrepancies especially for the L; level. 


1. Introduction 


The study of atomic binding energies by means of the photo electron method has 
been developed to a high precision by Siegbahn, Nordling, and Sokolowski [1-6]. 
Measurements have been performed on K and L levels of 4th, 5th, and 6th period 
elements, and on L, M, and WN levels in uranium. Both metals and oxides have been 
studied, and chemical effects have been established on the level energies. The present 
investigation is an extension of the previous systematic studies to the rare earth 
elements. Determinations of all three L levels have been made, and by addition of the 
Ly, and L,,; level energies to the Ka, and «, X-ray transition energies recently meas- 
ured by Bergvall [7], the K levels are obtained. Because of the reactivity of the metals 
to air it has not been possible to use the pure elements, and the investigation is 
therefore confined to the metal oxides. 


4 Experimental procedure 


For a description of the apparatus and experimental procedure the reader is 
referred to the previous reports [3, 5]. Here only a few pertinent details shall be dis- 
cussed. 


2.1. Choice of anode in the X-ray tube 


The anode in the X-ray tube must fulfill several conditions. The energy of the 
emitted characteristic radiation should exceed the electron binding energy to be 
measured by at least 3.5 keV, the low energy limit set for detection by the GM 
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counter window. With increasing electron energies, however, the widths of the photo 
electron lines increase, and the contribution of the natural line width of the X-ray 
line is enlarged if we choose an anode of high atomic number. The range of suitable 
elements is thus very limited. Furthermore, the anode material must be able to stand 
a load of about 1.5 kW, being a good heat conductor and showing no chemical or 
mechanical changes for hours of operation. 

The L level energies of the rare earths range from 5.5 keV to 10.9 keV. The lightest 
element which is suitable as an anode and with sufficient K, line energy is zirconium. 
The molybdenum K«, line has an energy of 17.5 keV which, it is true, exceeds the 
zirconium line by 1.7keV, but has the great advantage of being regarded as a standard 
reference line with a well-established wavelength value. This line is therefore the 
most suitable for the study of the higher energy levels. For the levels of lower energy, 
however, it would be desirable to use softer radiation. We consider first A, line 
emission and look for a suitable anode of an atomic number lower than 40. The only 
possible element is germanium, but, unfortunately, the only rare earth in which we 
can reach all three L levels employing Ge Ke, radiation is the lightest: lanthanum. 
A Kf, line can not be used because of the close proximity of the fg. 

The possibility of using the L«, line of a heavy element was therefore investigated. 
A recording of the Ce L,,;; level was made, using the Mo Ka, and Bi La, lines respec- 
tively. The results are depicted in Fig. 3c and Fig. 3d. In view of the low melting 
point of bismuth metal, the anode current had to be kept at half the value used for 
molybdenum, compensated by double the counting time. The width of the Bi photo 
electron line is seen to be only two thirds of that of the Mo line. Nevertheless it is 
apparent from the low intensity and signal to background ratio that the Bi La, line 
represents no advantage over the Mo Ka, line which was therefore used throughout 
the investigation. 


2.2. Use of filters 


In order to reduce the background of photo electrons ejected by the high energy 
continuous bremsstrahlung and to some extent by the Af lines, a filter should be 
inserted between the anode and the converter. It should have its AK absorption 
discontinuity slightly higher than the Mo Ka, energy. In Fig. 1 are shown two 
recordings of the Yb L,,;; photo line with and without use of a zirconium filter, 0.06 
mm thick. The signal is reduced, but the signal to background ratio is increased with 
a factor of 2 in favour of the filter. The same counting time is used in both recordings, 
and as a measure of the quality of the profiles the signal (excluding background) to the 
statistical error at the peak can be used. The gain in this ratio is only 10 % in favour 
of the filter employed. A window of sufficient thickness has to be used to keep down 
the background of electrons which causes an excessive counting rate of the GM 
counter, A zirconium window of 0.03 mm thickness was used for this purpose. 


2.3. Source preparation and identification 


The rare earth metals were supplied by Johnson, Matthey & Co., Ltd, London, and 
Research Chemicals Inc. division of the Nuclear Corporation of America, Inc., 
Burbank, California, USA, in the highest degree of purity available. 

The converters were prepared by evaporation in vacuum of metal filings on to a 
20 w aluminium strip. The thicknesses obtained were estimated to be of the order 
of 100-200 Angstrém units. After a brief exposure to air, the converters were inserted 
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Table 1. S: iS eee : ae 
e I. Sample identification by electron diffraction. Spacings (d) and intensities (J) 
compare diagram 2. 
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Fig. 1. Yb Ly (Mo Ka) with and without a 0.06 mm thick zirconium filter. 


Fig. 2. (a) Electron diffraction pattern from a sample obtained by evaporation of cerium. 
(b) Photometric recording of the pattern in (q). 
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in the spectrometer tank. The temperature of the converter mounting during a 
measurement was determined, with the aid of a thermocouple, to be about 80°C. 

For the chemical identification the A.S.T.M. X-ray powder data file [8] and in- 
formation generously provided by Lindsay Chemical Division, USA [9], were used. 
A sample, evaporated on formvar and handled under the same conditions as the 
converter, was subjected to electron diffraction. In no case could traces of metal lines 
be detected in the diffraction patterns, and all of the reflexions obtained, at least 
four in each pattern, were identified as belonging to one and the same compound. 
The reproducibility of the photo electron line energies with time and with different 
sources shows that any temporal changes in the composition of the converter, or 
differences in the composition of different converters are of negligible influence 
compared to the statistical uncertainties in the measurements. 

One of the diffraction patterns, that for cerium, is reproduced in Fig 2 together 
with a photometric recording. In Table 1 we find a comparison of the atomic spacings 
as calculated from this recording, and those listed in the A.S.T.M. file for Ce and 
CeO,. The agreement with CeO, is complete and the Miller indices have been indicated 
in Fig. 2b. The results of the identifications are found in the first column of Table 2. 


3. Experimental results 


Four runs on each of the three L level photo electron lines were made using at 
least two different converters for each element. The line shapes for two of the elements, 
cerium and lutetium, the first and last of the proper lanthanides, are shown in figs. 
3 and 4. The Z,,; line is the most intense in both cases, but the LZ, lime shows a marked 
increase in relative intensity for the lighter element. In Fig. 5 is seen a recording of 
the Pr Ly,;(Mo K«,) line including the Pr L,,,;(Mo Ka,) line on the low energy side. 
The first discrete energy loss line is well resolved from the photo line even though this 
recording represents one of the most unfavourable instances, namely one with a high 
electron energy. In view of the discussion by Nordling [5] on this subject, no correction 
of the peak position has been considered necessary. The position of the line peak has 
been established by taking the intersection of the curve with the diameter of hori- 
zontal chords. The peak current values are listed in Table 2 for each of the four meas- 
urements of the three LZ levels in each element. 

As a calibration line the AL,,Ly;(1.D,) Auger line in copper has been used through- 
out the investigation, employing the triple source technique previously described [2]. 
The peak current values are given in column 6 of Table 2. The Bo value for this line 
has been determined by Nordling [5]: 


283.803 + 0.010 gauss-em 


The Bg values obtained have been corrected for residual magnetic field along the 
electron trajectories when external fields are compensated at the center of the spectro- 
meter [3]. The mean corrected Bo values are found in the second column of Table 3. 
Conversion from momentum to energy has been carried out with the aid of the tables 
by Gerholm [10] with interpolation to the second order. The energies of the photo 
electron lines are given in column 3 of Table 3. The electron binding energies (B.E.), ° 
referred to the Fermi level, are obtained by subtraction of the photo electron energies 
(Eynoto) and the work function of the spectrometer (hsp) from the energy of the Mo 
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Fig. 3. Photo electron lines from cerium, (a), (b), and (c) with the use of Moka, radiation and 
(d) with Bi La. 
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Fig. 4. Photo electron lines from lutetium. 


Ka, emission line. The latter is calculated from the wavelength value recommended 
by Sandstrom [11]: 
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Table 2. Peak current values of photo electron and calibration lines. 
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Element 
(Compound) 
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154 
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157 
157 
158 
158 


148 
149 
149 
149 


Ty, (amp) Ih (amp) ae (amp) Toa) (amp 
4.70365 4.78280 4.86710 3.71880 
4.70355 4.78270 4.86698 3.71877 
4.70413 4.78318 4.86783 3.71956 
4.70436 4.78320 4.86772 3.71948 
4.64358 4.72550 4.81762 3.71887 
4.64613 4.72792 4.82040 3.72106 
4.64348 4.72552 4.81756 3.71916 
4.64365 4.72530 4.81754 3.71922 
4.58080 4.66600 4.76655 3.71848 
4.58132 4.66642 4.76710 3.71864 
4.58123 4.66628 4.76700 3.71855 
4.58133 4.66628 4.76710 3.71895 
4.51760 4.60588 4.71558 3.71864 
4.51723 4.60551 4.71572 3.71850 
4.51761 4.60573 4.71578 3.71884 
4.51754 4.60590 4.71563 3.71878 
4.38414 4.47953 4.61002 3.72102 
4.38340 4.47880 4.60950 3.72058 
4.38434 4.47958 4.61030 3.72180 
4.38437 4.47990 4.61055 3.72192 
4.31035 4.40932 4.55187 3.71991 
4.31033 4.40933 4.55190 3.72005 
4.30866 4.40780 4.55030 3.71882 
4.30880 4.40809 4.55031 3.71875 
4.23300 4.33600 4.49125 3.71815 
4.23282 4.33615 4.49100 3.71815 
4.23420 4.33765 4.49265 3.71955 
4.23438 4.33751 4.49254 3.71958 
4.15747 4.26498 4.43397 3.72099 
4.15725 4.26509 4.43373 3.72085 
4.15633 4.26382 4.43257 3.72013 
4.15618 4.26388 4.43281 3.72015 
4.07500 4.18704 4.37100 3.72048 
4.07499 4.18712 4.37099 3.72048 
4.07543 4.18747 4.37128 3.72089 
4.07533 4.18753 4.37141 3.72094 
3.99065 4.10748 4.30785 3.72178 
3.99072 4.10750 4.30806 3.72178 
3.98964 4.10645 4.30672 3.72068 
3.98930 4.10616 4.30656 3.72059 
3.90226 4.02450 4.24280 3.72301 
3.90213 4.02424 4.24250 3.72315 
3.90082 4.02285 4.24111 3.72185 
3.89961 4.02193 4.23990 3.72071 
3.80719 3.93506 4.17268 3.72174 
3.80545 3.93292 4.17062 3.72017 
3.80540 3.93325 4.17066 3.72029 
3.80537 3.93321 4.17073 3.72023 
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(Table 2, cont.) 


Ree + e. (amp) lie (amp) ah ane (amp) Toa, (amp) 
70 Yb 140 3.70476 3.83882 4.09742 3.71769 
(Yb,O3) 140 3.70532 3.83867 4.09740 3.71772 

141 3.70786 3.84145 4.10011 3.72072 
141 3.70717 3.84082 4.09953 3.72002 
71 Lu 146 3.60370 3.74405 4.02615 3.72007 
(Lu,O3) 146 3.60374 3.74405 4.02612 3.72006 
147 3.60649 3.74728 4.02937 3.72309 
147 3.60640 3.74697 4.02932 3.72302 


The conversion factor used is the one advocated by DuMond and Cohen 1953 [12]: 
12372.2 keV-XU 


The reason for using this value instead of the figure given 1955 by Cohen and DuMond 
[13] is that within one year we shall probably have an even better value for this 
conversion factor as a result of the measurements on the A,/A; ratio being carried 
out at present by Bearden at Johns Hopkins University, Baltimore, and by Kirk- 
patrick-DuMond at the California Institute of Technology, Pasadena, USA. All 
previous photo electron work with the present instrument is based on the 1953 value, 
and the authors believe that it will lead to less confusion if this figure is used for the 
time being. Use of the 1955 conversion constant (12372.44 keV: XU) yields higher 
values for the binding energies, the increase ranging from 0.2 eV (La) to 0.1 eV (Lu) 
for the L levels, and from 0.8 eV (LA) to 1.1 eV (Lu) for the K levels. The binding 
energies are given in the 4th and 5th columns of Table 3: energies including the work 
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Fig. 5. An extended recording of the Pr Lyy(Mo Ka,) line showing a well resolved characteristic 
energy loss line and also the photo line from Mo Kay. 
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Table 3. Mean values of momenta and energies of photo electrons, binding energies. 


Level 


we 
© 


PY 


WH 
ial 


Q 
fa) 
H 


a 
PE I 


Hy 
e 
in 


b 
4 
= Qu 
anh ally 
= 


Tp 
5 
Ass 


HK 
HH 
i= 


by 
=| 


ORI AS 


WH 
= 
i= 


QR 
Q 


iS 
=a 
AWW 
on As) oaks 


x 
° 
as 


Sy 
PA APS 


Be 
(gauss-cm) 


358.944 
364.975 
371.419 


354.347 
360.591 
367.628 


349.624 
356.117 
363.801 


344.761 
351.497 
359.885 


334.342 
341.617 
351.578 


328.831 
336.392 
347.261 


323.082 
330.959 
342.791 


317.081 
325.290 
338.167 


310.840 
319.390 
333.415 


304.307 
313.216 
328.499 


297.452 
306.766 
323.402 


290.306 
300.050 
318.169 


Esnoto 
(eV) 


11207.8+0.9 
11583.4+0.9 


11991.470.9 


10925.6 + 0.9 
11309.8 +0.9 
11750.5 = 0.9 


10639.2 + 0.8 
11033.9 + 0.9 
11509.8 +0.9 


10348.3 + 0.8 
10752.340.9 
11266.1+0.9 


9738.0 = 0.8 
10162.2 + 0.8 
10757.3£0.9 


9422.5 +0.7 
9856.6 = 0.8 
10497.4 + 0.8 


9098.8 +0. 
9543.7 =. 0: 
10231.4 0. 


[ooo oN | 


~] 


8766.7 = 0. 
9222.4 +0. 
9960.0 + 0. 


on] 


8427.8 +0. 
8893.8 + 0. 
9684.6 +0. 


aonr-~ 


8080.0 + 0.6 
8556.1 10.7 
9403.6 + 0.7 


7722.8 £0.6 
8210.0 + 0.6 
9116.6 +0.7 


7358.7 + 0.6 
7857.2 + 0.6 
8826.4 + 0.7 


(eV) 
APS eo 
5895.62: 1-2 
5487.6 +1.3 

38928, Saez 1-3 
6553.4+1.1 
6169.2 +1.2 
5728.5 ae 1.2 

40447.6+1.3 
6839.8 +1.1 
6445.1 +1.2 
5969.2+1.2 
41994.8+1.3 
AMS se ial 
672677 a Fel 
6212.9 +12 

AZ5iidse aed 
7741.0+1.0 
7316.8s2 Uo 
G27 see 

46838.9 +1.2 
8056.5 + 1.0 
7622.455 170 
6981.6+1.1 

48523.2+1.2 
8380.2 + 1.0 
7935.34 1.1 
A t= le 
50243.34+1.2 


8712.320.9 
8256.6 + 1.0 
7519.01 1.0 
51999.9 + 1.2 


9051.2 + 0.9 
8585.21 0.9 
7794.4 + 1.0 
53792.1 + 1.2 


9399.0 + 0.8 
8922.9 + 0.9 
8075.44 1.0 
§5621.5241.2 


9756.2 40.8 
9269.04 0.9 
8362.44 1.0 
57489.2 41.2 


10120.3 + 0.8 
9621.8 10.8 
8652.6 + 0.9 

59393.4 + 1.2 


wo 
SS Dg 
o © 
—_ 
aD 


6835.3 
6440.6 
5964.7 
41990.3 
7126.2 
6722.2 
6208.4 
43568.7 
7736.5 
7312.3 
6717.2 
468344 
8052.0 
7617.9 
6977.1 
48518.7 


8375.7 
7930.8 
7248.1 
50238.8 
8707.8 
$252.1 
7514.5 
51995.4 


9046.7 
8580.7 
7789.9 
53786.6 


9394.5 
8918.4 
8070.9 
55617.0 


9751.7 
9264.5 
8357.9 
5 7484.7 


10115.8 
9617.3 
8648.1 

59388.9 


X-ray 
(eV) 
6283.8 (b) 
5894.6 (b) 
5489.7 (b) 
38933  (d) 
6561.4 (b) 
6165.4 (b) 
5728.7 (b) 
40452 (d) 
6846.4 (c) 
6443.5 (c) 
5968.8 (c) 
42001 (d) 
7144.5 (c) 
6727.3 (c) 
6215.0 (ce) 
43573 (d) 
7754.9 (ce) 
7281.6 (c) 
6721.1 (ce) 
46848 (d) 
8060.6 (g) 
7619.8 (g) 
6980.5 (g) 
48518  (f) 


8386.2 (g 
7930.9 (g 
7242.8 (g 


) 
) 
) 
50232  (f) 
) 
) 
) 
) 


7796.0 ( 
53792 (fi 


9399.2 (g) 
8916.3 (g) 
8067.4 (g) 
55618 (f) 


9756.1 (g) 
9262.0 (g) 
g) 

) 


10120.4 ( 
9616.9 ( 
8649.5 ( 

59339 ( 


69 


P. BERGVALL, S. HAGSTROM, Atomic level energies in rare earth elements 


(Table 3, cont.) 


B 1B Bie. O55 B.E. X-ray 
Level ee (eva (eV) (eV) (eV) 
Yb L, 282.829 6987.1 +0.6 | 10491.9 +0.7 10487.4 10490.2 (e) 
Ly, 293.029 7496.4+0.6 | 9982.6+0.8 9978.1 9976.0 (e) 
L 312.767 8531.7+0.7 | 8947.320.9 8942.8 8944.0 (e) 
Ko 61335.5 +1.2 61331.0 61303 (£) 
Lu L, 274.921 6604.3 40.5 | 10874.7 + 0.7 10870.2 10873.8 (e) 
1, 285.635 7125.420.6 | 10353.6 20.7 10349.1 10344.6 (e) 
307.150 8230.540.7 | 9248.540.9 9244.0 9242.0 (e) 
Ko Hsolideoema lye 63313.0 63304 (f) 
(a) Cabrera (1923) oxide, [14]. 
(b) Coster et al. (1923) salts, [15]. 
(c) Nishina (1925) sulphates, [16]. 
(d) Rouault (1939) oxalates, carbonate [17]. 
(e) Allais (1941) [18]. 
(f) Manescu (1943-1944) oxides, [19]. 
(g) Sakellaridis (1953-1954) oxides, [20]. 


function of the spectrometer (B.E.+¢4,,) in column 4, and energies referred to the 
Fermi level (B.E.) in column 5. The K levels which are included are obtained from 
the mean of the Ka, + Ly, and Ka, + Ly, energies. The K emission line energies have 
been computed from the wavelength values given by Bergvall [7], here also using the 
1953 conversion constant. 


4, Error estimate 


As a consequence of the constant resolving power of the spectrometer, the photo 
electron line widths increase linearly with electron momentum. To some extent 
this effect is reduced by the decrease of natural level widths with decreasing atomic 
number. The increasing line widths correspond to an increasing absolute uncertainty 
in the localization of line peaks for the high electron energies corresponding to low 
binding energies. This uncertainty is revealed in the scatter of the experimental 
values of photo electron momenta around the mean values. The relative spread in 
momentum, which is constant, has been calculated for the whole of the experimental 
material and corresponds to a standard deviation of 4-10-°. A ¥? test of the distribu- 
tion, compared with a Gaussian curve of the same standard deviation, yields sig- 
nificance at the 40% level,in support of a purely statistical nature of the dispersion. 

The standard deviation of the mean of four measurements is accordingly 2-10 
and as the error of the mean is assigned to be 4-10~*, corresponding to a confidence 
coefficient of 93%. The corresponding absolute energy errors are given in the third 
column of Table 3. The relative error in the calibration constant, given by Nordling, 
is 3.5-10~°, and this is included quadratically in the errors cited for the binding 
energies in the fourth column of the same table. Uncertainties in the fundamental 
constants and X-ray data are disregarded. The K level error limits are obtained by 
quadratic addition of the K emission line energy uncertainties given by Bergvall [7]. 
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». An “absolute”? check on the calibration 


The recording of Ce Ly, using Bi Lx, radiation, provides an opportunity for check- 
ing the calibration constant and the consistency of the method. Using the wavelength 
for Bi Le, given in the Encyclopedia of Physics [11], the following binding energy is 
obtained: : 


Ce Lay Bi Le, Mo Ka, (table 3) 
B.E. + @s9: 5727.9 eV 5728.5 eV 


The agreement is seen to be well within the error limits. 


6. Discussion of results 


The rare earth group of elements is unique in the periodic table of natural elements 
in that the electronic configurations of 14 elements in succession differ only in the 
state of completion of a (4f) subshell. We should therefore expect a regular variation 
in the inner atomic level energies from element to element, uninterrupted by the 
formation of new electronic shells which cause more drastic changes in the screening 
conditions [21]. 

The conventional form for the representation of experimental data on atomic 
energy levels, or “‘term values’, over a range of elements, is the modified Moseley 
diagram. Based on the assumption that the level energies, or y/ R values, vary essen- 
tially as Z*, an expression of the following form is calculated: 


VE—aZ—b (1) 


With the constants a and 6 suitably adjusted, this should be constant or at least 
linear with Z, except for discontinuities where new shells start to build up. For K 
levels of lighter elements and for L,,,; levels, the approximation turns out to be sur- 
prisingly good, whereas for L, and L,, levels the presence of higher order terms in Z 
introduces an increasing curvature in the Moseley lines. Fig. 6 shows moditied Moseley 
diagrams for the K and L level energies of the present work. The constants a and 6 are 
differently chosen for each level, but the scale, indicated at the top of the figure, is 
the same for all the four curves. In order to explain the behaviour of the Moseley 
lines the higher order terms of Z in the series expansion of the term energies are 
considered. The Dirac theory yields the following expression as a first approximation 
for the term binding energies of hydrogenic atoms [22]: 


_RheZ? RheotZ4*( 3 1 
n2 n> lan kJ 


(2) 


E 


k=1+1 for jg=1+1/2 
k=l for j=l—1/2 
For the case of a many-electron atom the above expression must be modified to 


take into account the interaction between the electrons. For the present argument it 
will be sufficient to do so in the classical way due to Sommerfeld, namely by replacing 


a 
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Fig. 6. Modified Moseley diagrams of K and L levels according to the present measurements and 
previous X-ray data. 
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the charge of the nucleus, Z, with an effective charge, (Z —d), where d is a screening 
number. The term values for the three L levels turn out according to the following: 


4 | neg 
Rhe 5 
Bi = Zi (2 dy)? 4 x (Z —dy)4 a (3) 
Rhe 1 ; 
ie ai 4. CZ dyq1)" 64. (Z dq)4 | 


It can be seen immediately from the above expressions that the difference in term 
values for the LZ, and Ly levels (screening doublets) is entirely due to the different 
screening of the s and the p orbits. The curvature of the corresponding Moseley lines 
can be expected to be very similar, a fact demonstrated by Fig. 6. The expressions 
show that the difference in square roots of term energies for the L,; and L,, levels 
should be approximately constant, a relation known as Hertz’ law of screening doub- 
lets. In fact, a slight linear dependence on Z is obtained, illustrated for the present 
experimental material in Fig. 7. This dependence on Z is removed if “‘reduced”’ term 
energies (that is, reduced by the appropriate relativity corrections) are used [21]. 

Considering next the term energy expressions, eq. (3) for the Ly; level, it is seen 
that the coefficient for the ~?Z*4 term is only one fifth compared with that of the L, 
and L,, levels. The coefficients for the next terms in the series expansion, in «Z6, 
differ by a factor of 21. This explains the difference in curvature of the Moseley lines 
for the L, Ly, levels and the L,,,; level, although it does not explain why a straight line 
is obtained in the latter case, as seen in Fig. 6. 

The fact that the L,, and L,,, orbits are both 2p, differing only in quantum number J, 
indicates that the screening terms d,,; and d,,;, are the same for both levels and that a 
relatively simple expression for the level separation will result as the main energy 
terms cancel each other. For a calculation of the level separation (spin doublet 
splitting), however, eq. (3) is not sufficiently accurate, and the exact formula given 
by Sommerfeld has therefore been used: 


an — Ph! /q— 2G — dp - [2+ 2V1—- 8 Z ae (4) 


a | 


For hydrogenic atoms (d = 0), this expression is identical with the result obtained by 
the Dirac theory [22]. Sommerfeld has shown [23] that a comparison with experi- 
mental data gives an almost constant value for the screening term d for all of the 
heavier elements of the periodic table. It seems reasonable to expect a constant 
screening for the rare earths in particular. The third column of Table 4 gives values 
for A E according to eq. (4), the screening number d being adjusted to give the closest 
agreement with the experimental results. This value is 3.58. The difference is well 
within experimental errors or 0.05 %, a remarkable agreement considering the rather 
crude model used to account for the screening. It should be noted that a series ex- 
pansion of eq. (4), containing even four terms of increasing powers of (Z — 4d), does 
not give this overall agreement for a constant value of d, A graphical representation 
is found in Fig. 8, where the circles represent experimental data and the solid line 


the Sommerfeld theory. 
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Fig. 7. Diagram illustrating Hertz’ law of Fig. 8. Experimental values of the energy ditf- 
sereening doublets. ference between the L,, and L,,, levels as a fune- 
tion of Z. The solid line represents the Sommer- 

feld theory according to eq. (4). 


In this classical treatise ““Atombau und Spektrallinien”’ [23], Sommerfeld goes a step 
further in the calculations by computing, from experimental data, values of the screen- 
ing numbets in the main energy term of eq. (3). The screening varies with Z in a 
monotonous but non-linear manner. To overcome this variation, a separation into 


Table 4. Ly, — Ly level energy difference in eV as obtained by the present method, 
by K X-ray spectroscopy and by Sommerfeld theory. 


Z Present | Bergvall [7] | Sommerfeld 
Dy -Lyy| Ko%,—h&, d=3.58 
57 La 408.0 407.6 407.7 
58 Ce 440.7 441.0 440.9 
59 iPr 475.9 476.4 476.2 
60 Nd 513.7 513.8 513.6 
62 Sm 595.1 595.6 595.6 
63 Eu 640.8 640.3 640.5 
64 Gd 687.7 687.4 687.7 
65 Tb 737.6 737.4 EYES) 
66 | Dy 790.8 790.7 790.9 
67 Ho 847.5 847.1 847.0 
68 Er 906.6 906.6 906.2 
69 Tm 969.2 969.1 968.9 
70 Yb 1035.3 1035.0 1034.9 
71 Lu 1106.1 1104.7 1104.6 
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outer and inner screening is discussed by Pauling and Goudsmit [21]. Knowledge of 
mean radii of the outer electronic orbits is required for an estimate of the outer 
screening. The separation yields screening numbers for the inner shells, which are 
due to internal screening only, and which are constant with Z as required by our 
model. 

According to Condon and Shortley [24], it must be considered futile to carry the 
calculations of screening terms further and try to obtain theoretical expressions to 
fit the experimental level energies. Nevertheless, screening parameters in hydrogenic 
wave functions have proved useful for obtaining approximations, sometimes being 
very good as they stand [25], but often serving as a starting point for further calcula- 
ations [26, 27]. 

A different approach to the problem of extending the Sommerfeld- Dirac expression, 
eq. (4), to the many-electron atom was made by Christy and Keller [28] in 1942. They 
used first order perturbation calculations to account for the effect of the interaction 
between the electrons of the A, L, and © shells on the Z,, and Ly, levels. A correction 
term of the following form is given for the spin doublet splitting, according to eq. (4) 
with d = 0, in Rydberg units. 


—202Z3f(aZ) + BZ + OxtZ3 (5) 


The last two terms are included to allow for neglected higher order terms in the 
interaction Hamiltonian and the effect of outer shell electrons. B is an undetermined 
constant, while an estimate of C is given. Christy and Keller have tabulated values 
of the function f(«Z) for a number of Z values. To find this function for the present 
atomic numbers, an interpolation procedure given by Shacklett and DuMond [29, 30] 
has been followed. Correction for the influence of the anomalous moment of the 
- electron has been made to the first order by reducing the experimental data with the 
Bethe—Longmire expression [31 |: 


ha) ; 


Nuclear size effects on the splitting are, according to the Schawlow-Townes theory [32], 
only of the order of 3-10~4 for Z = 70, a negligible amount in the present comparison. 
To summarize: 


(2) - E §/4 — 2 Z2— (24+ 2V1— a2 Z2)'*} — 202 Z3 f (x Z) — 
/ @xp 


— 0,0356 ale Boe] (1 + | & 


It was found, however, that an adjustment of the Christy—Keller formula to the 
present experimental spin doublet splitting energies according to Table 4 was possible 
only within 0.3 % on the assumption of a constant value of B : Expressed ina different 
way, a fit to the experimental data gave values of B, varying with Z, according dia- 
sig ie diagram are included X-ray data on the fine structure splitting, for Z a5 ii 
according to the Encyclopedia of Physics [11], and for Z > 71 according to Shacklett 
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Fig. 9. The value of the parameter B in the Christy-Keller correction to the Sommerfeld expression 

for the spin doublet splitting. Adjustment has been made to experimental data, present and 

previous, according to eq. (7). The decrease for high Z-values is caused by nuclear size and quantum 
electrodynamice effects. 


and DuMond [29]. The indicated error limits, +0.3 eV, are representative, except for 
the lower values of Z, where the accuracy is sometimes better, and for the measure- 
ments by Shacklett and DuMond, who claim an error of the order of 0.1 eV. 

The systematic increase in B for Z < 70 suggests the presence of neglected higher 
order terms in the Christy—Keller formula. 

The decrease in B for high Z values is explained as nuclear size and quantum electro- 
dynamic effects. The fact that B is not constant, however, tends to make a quan- 
titative estimate of these effects rather uncertain. Shacklett and DuMond [29] made 
such an estimate under the assumption of a constant B, (B =4.7645-10-4). Fig. 9 
indicates that the combined nuclear size effects might rather be underestimated by 
such an assumption. A theoretical calculation of the fine structure splitting for a point 
nucleus, of sufficient precision to allow for a quantitative separation of the nuclear 
size effects, is apparently not yet available. 

What are probably the most recent theoretical values of atomic binding energies 
for heavier elements are those obtained by 8. Cohen [33] using a relativistic self- 
consistent calculation of the Hartree type. Unfortunately none of the rare earths is 
included in the number of atoms investigated. It appears, however, that the agree- 
ment with experiment so far is only within 1 % for K and L Jevels and level differences. 
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On the basis of the assumption of a regular variation of the term energies with Z, 
the modified Moseley diagrams serve the purpose of bringing out the scatter of 
experimental points around a smooth line, drawn according to a ‘‘closest fit’? as in 
Fig. 6. Two aspects should, however, be emphasized. First, the present measure- 
ments have been carried out on chemical compounds of the elements, involving 
possible, irregular chemical shifts of the level energies. This may account for some of 
the spread in the values at the low atomic numbers. Secondly, the subshell 4f starts to 
build up with the element 58 Ce, and we should expect a discontinuity in the diagram 
between the first and the second element in the row, due to the change in the 
outer screening conditions. The fact that 4f is an inner subshell indicates an excep- 
tionally sharp break [21], which can be inferred from diagram 6, and which has been 
witnessed previously by X-ray spectroscopists. 


7. Comparison with X-ray data 


Our knowledge of inner atomic level energies, prior to the data from the photo 
electron method, is based on a combination of X-ray absorption and emission spectro- 
scopy. The absorption discontinuities, such as the K edge for lighter elements or the 
Ly, edge for heavier elements have been established with high accuracy, and suitable 
emission line energies, still more accurately known, have been added or subtracted 
to obtain the complete term diagrams [11]. It is, however, doubtful whether the 
atomic states involved in an absorption experiment are identical with the corre- 
sponding states in emission. Experimental evidence of discrepancies of this nature as 
large as several eV has been reported and discussed by Cauchois [34]. There is also the 
question to consider, into which orbit the electron goes or, in other words, which is 
the final state of the atom, in an absorption process. Conventionally it has been 
claimed by X-ray spectroscopists that the inflexion point of lowest energy in an 
absorption structure should represent the electronic binding energy relative to the 
Fermi level of the solid [35]. As it has been emphasized by Parratt in a recent review 
of these problems [36] an atom which takes part in the absorption is to be regarded as 
an impurity due to the inner electronic vacancy. The final state is consequently one 
of several discrete excitation states, characteristic of the impurity and with nothing in 
common with the Fermi level of the assembly of undisturbed atoms. 

The photo electron method, however, gives by definition [5] the electron binding 
energies relative to the Fermi level. With this in mind, it is of interest to compare the 
present measurements with previous X-ray absorption data. The latter are listed in the 
last column of Table 3, following the review by Sandstrém in the Encyclopedia of 
Physics [11]. A graphical representation is found in the modified Moseley diagrams of 
Fig. 6. It should be noticed that some of the results are obtained from salts, and that 
a few are rather old, which partly explains the greater scatter of the X-ray data 
around the Moseley lines. One should also remember that the detailed structure of 
an absorption edge is still unexplained, and that the interpretation difficulties may 
sometimes be very great, as for example when the faint L, edge is localized in the 
middle of the Kronig structure of the L,,; edge, which happens frequently. The agree- 
ment with the present data is surprisingly good, but some systematic deviations are 
observed, which imply that the two methods do not indeed measure identically the 
same quantity. It is seen that the X-ray data for the L, level are systematically high, 
of the order of 5 eV. This indicates the presence of selection rules, which determine the 
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final state of the atom in X-ray absorption, different for an s or a p electron. Divergent 
trends in the variation with Z are also observed for all of the levels, as the X-ray 
values seem to lie systematically higher for the lower values of Z. Similar systematic 
discrepancies have also been observed by Nordling [5] and Sokolowski [3]. 

The atomic states involved in emission, are, according to Parratt [36] mostly of 
the same type, namely corresponding to the removal of an electron to “infinity” in 
the solid (unexcited or t states). Parratt suggests that these states are the same 
as those obtained by the photo electron method. This justifies the procedure in the 
present work of computing the K levels by addition of the emission line energies to 
the L levels according to the photo electron method. Some verification is found in the 
excellent agreement of the L,;, — Ly, level differences with the Ka, — % emission line 
energy differences, witnessed by Table 4. As the photo electron- and X-ray data are 
of comparable accuracy, the close agreement gives strong support to both sets of 
measurements. 
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